Dietary polyunsaturated fatty acids can influence reproductive performance. In dairy cattle, some high-fat diets resulted in higher blastocyst rates and improved embryo quality. These effects may partly be mediated by a direct action of fatty acids on oocyte development. The present study investigated the effect of linolenic acid (ALA; 18:3 n-3) supplementation on bovine oocyte maturation and early embryo development in vitro. Treatment of cumulus-oocyte complexes (COCs) with 50 lM ALA significantly increased the percentage of oocytes at the metaphase II (MII) stage compared with untreated controls (95% 6 2% vs. 84% 6 2%, respectively). Higher doses of ALA were detrimental. Treatment of COCs with 50 lM ALA compared with controls also resulted in a significantly higher percentage of cleaved embryos (77% 6 9% vs. 69% 6 9%, respectively) and blastocyst rate (36% 6 4% vs. 23% 6 5%, respectively) and better-quality embryos. Furthermore, COCs treated with ALA had significant increases compared with controls in: 1) prostaglandin E 2 (PGE 2 ) concentration (233% 6 41%) in the medium, 2) intracellular cAMP at 3 h of maturation, and 3) phosphorylation of the mitogen-activated protein kinases (MAPKs) during the first 6 h of maturation. Moreover, ALA overcame the suppressive effects of the prostaglandin-endoperoxide synthase 2 inhibitor (NS-398) on oocyte maturation and partially improved the maturation rate in the presence of the MAPK kinase inhibitor (U-0126). Linolenic acid could not, however, recover maturation in the presence of both inhibitors.
INTRODUCTION
Polyunsaturated fatty acids (PUFAs) are believed to have significant health benefits. Many studies have shown that dietary PUFA supplementation can influence reproductive performance in cattle [1] [2] [3] [4] [5] . It has been shown recently that an increased level of dietary rumen-inert fatty acid mixture improved both the developmental potential of oocytes to the blastocyst stage and blastocyst quality [6] . These effects may be partially mediated by improvements in oocyte maturation, which is essential for successful fertilization and further embryo development [7] .
Polyunsaturated fatty acids constitute the major portion of the fatty acid content of the follicular fluid in small and large follicles [8] . Changing the fatty acid content of the diet was found to reflect on the fatty acid distribution in reproductive tissues [9] . Dietary supplementation of beef heifers with a high level of fish oil (a rich source of n-3 fatty acids) significantly increased total n-3 PUFAs and the n-3:n-6 ratio in follicular fluid [10] , and this change was strongly correlated to the increased n-3 levels in plasma. Such alteration of the fatty acid profile in follicular fluid has been shown to influence oocyte development. Some fatty acids can be detrimental, as in the case of excessive negative energy balance in high-yielding dairy cows, which results in an increased concentration of nonesterified fatty acids (NEFAs) in serum and follicular fluid [11] . A detrimental effect on oocyte development was shown by addition of the same concentration of NEFAs to oocytes in vitro [11] . In contrast, PUFAs, such as n-3 provided as calcium soap of fish oil, improved oocyte quality and membrane integrity after chilling [12] . These data suggest a differential effect of different FAs on the oocyte, which may affect oocyte maturation and subsequent embryo development.
In addition to their importance as an energy source, PUFAs act as a direct precursor for the synthesis of prostaglandins (PGs) [13] . Recent work also suggested that PUFAs can differentially modulate the balance between production of PGE 2 and PGF 2a [14] [15] [16] . PGE 2 is considered a critical mediator of oocyte maturation [17, 18] . In mice, inhibition of PGE production using inhibitors of prostaglandin-endoperoxide synthase 2 (PTGS2; also known as COX-2) or knocking out genes encoding the PGE 2 receptor (PTGER2) was found to attenuate cumulus expansion and oocyte maturation [18, 19] and sharply decrease fertilization rates in vitro [20] .
The molecular mechanism regulating oocyte maturation is complex. Premature oocytes are arrested at the germinal vesicle (GV) stage. In response to gonadotropin stimulation in vivo or in vitro, oocytes resume meiosis and develop to metaphase II (MII) stage, a process referred to as oocyte nuclear maturation. Resumption of meiosis requires activation of maturationpromoting factor (MPF) [21] . Many pathways were found to be involved in regulating this process, including cAMP and cAMP-dependent protein kinase A (PKA) [22, 23] . The resumption of oocyte meiotic maturation and GV breakdown (GVBD) after gonadotropin stimulation is mediated mainly through increasing intracellular cAMP (cAMPi) concentrations in the cumulus cells [24] . Mitogen-activated protein kinases (MAPKs) are also essential for oocyte maturation because inhibition of MAPK arrests bovine oocytes in the GV stage [25] [26] [27] . Mitogen-activated protein kinases are involved in the regulation of microtubule dynamics, especially maintenance of metaphase organization [28] , and have a role in the initiation of translation in bovine oocytes [29] . The interaction between these protein kinases is essential for oocyte maturation [28, 30] . Other protein kinases were found to be important later in the maturation process. Activation of AKT (protein kinase B) stimulates transition from metaphase I (MI) to MII [31] .
Linolenic acid (ALA; 18:3 n-3) is the main dietary source of n-3 PUFAs and is found mainly in the chloroplasts of green vegetables, grass, and linseed. It is a natural constituent of plasma and follicular fluid in cattle. Concentrations of ALA vary in plants at different times of the year and are reduced during the wilting process involved in silage making [32] . Intake for dairy cows will therefore vary according to season, housing, and source of forage in the diet. In the studies reported here, we investigated the effect of ALA on oocyte maturation by examining oocyte nuclear changes through stages of meiosis. The mechanisms of action involved were examined by measuring the PGE 2 concentration in the culture media, cAMPi accumulation in the cumulus cells, and MAPK1, MAPK3, and AKT phosphorylation in the cumulus-oocyte complexes (COCs). The importance of PG synthesis and the MAPK pathway in mediating the effect of ALA on oocyte maturation was also assessed using PTGS2 and MAPK kinase inhibitors. We have also assessed the developmental potential of ALA-treated oocytes to blastocyst stage and the quality of the blastocysts produced.
MATERIALS AND METHODS

Chemicals and Reagents
All chemicals and reagents were purchased from Sigma Chemical Co. (Poole, United Kingdom) unless otherwise stated.
Experimental Design
Linolenic acid (10 mM stock solution in dimethyl sulfoxide [DMSO] ) was added to the oocytes in maturation medium (M-199) supplemented with fatty acid-free bovine serum albumin (BSA) as a carrier. The concentration of DMSO was equilibrated in all treatment groups. In this study, a total of 3270 COCs (grades 1 and 2, with homogenous ooplasm and more than four complete layers of cumulus cells) were used. In experiment 1, to study the effect of increasing concentrations of ALA on oocyte nuclear maturation, cumulus expansion, and PGE 2 synthesis, a total of 800 COCs were used in five independent repeats, allocating about 25 oocytes per treatment (0 [containing only DMSO], 10, 50, 100, and 200 lM ALA). A control group of COCs without either DMSO or ALA was also used. After 24 h of culture, cumulus cell expansion was recorded, and oocytes were fixed and stained to assess the stage of nuclear maturation. Spent media were collected for PGE 2 assay (method described below). Based on oocyte maturation results obtained, ALA was used at concentration of 50 lM in all future experiments.
Experiment 2 was designed to determine the effect of ALA on cAMPi in COCs. Forskolin (an adenylate cyclase activator which is known to increase cAMP in COCs [33] ; 10 mM stock solution in ethanol) was used as a positive control. A total of 420 COCs were cultured in three independent repeats, allocating 10 COCs per treatment (control, forskolin [3 lM], ALA [50 lM], and forskolin plus ALA) per time point (0, 3, 6, and 24 h). Ethanol and DMSO were added to all groups at the same concentrations used in the forskolin-or ALA-treated groups. Ten COCs per repeat were also collected just after aspiration (about 30 min before culture) to detect changes in cAMPi during selection and washing.
Experiment 3 investigated the effect of ALA on MAPK1, MAPK3, and AKT phosphorylation. A total of 675 COCs were used in five independent repeats, allocating 15 COCs per treatment (0 and 50 lM ALA) per time point (0, 1, 3, 6, and 24 h). Changes in total and phosphorylated MAPK1, MAPK3, and AKT were then assessed by Western blotting.
Based on the results from PGE 2 assay and MAPK1 and MAPK3 phosphorylation, experiment 4 was designed to examine the involvement of PG and MAPK pathways in mediating the stimulatory effect of ALA on oocyte maturation. NS-398 (a selective inhibitor of PTGS2; 10 mM stock solution in DMSO) and/or U-0126 (a selective MAPK kinase [MEK] inhibitor; 10 mM stock solution in DMSO) were added to the oocyte maturation media at 10 lM final concentration in the presence or absence of ALA (50 lM). A total of 965 COCs were used in six independent repeats, allocating about 20 COCs per treatment (control, ALA, NS-398, NS-398 plus ALA, U-0126, U-0126 plus ALA, NS-398 plus U-0126, and NS-398 plus U-0126 plus ALA). The concentration of DMSO was equilibrated in all treatments. After 24 h, oocyte nuclear maturation was assessed.
Finally, in experiment 5, to study the effect of ALA supplementation in maturation media on early embryo development, a total of 410 COCs were used in five independent repeats, allocating at least 30 COCs per treatment (0 and 50 lM ALA). All oocytes were fertilized as described below. Cleavage and blastocyst rates and blastocyst quality were assessed.
Collection of Oocytes
Bovine ovaries were collected from a local abattoir and transported to the laboratory in PBS in a thermos container at 378C within 2 h after slaughter, and they were washed in fresh PBS immediately after arrival. The COCs were retrieved from antral follicles 3-8 mm in diameter with a 19-gauge needle mounted on a 10-ml syringe. The grade 1 and grade 2 COCs were selected under a stereomicroscope and washed two times in M-199 supplemented with 20 mM HEPES and 0.4% (w/v) BSA.
In Vitro Maturation
Selected COCs were cultured in four-well dishes (NUNC; Thermo Fisher Scientific, Loughborough, United Kingdom) containing maturation medium (M-199 supplemented with 0.6% [w/v] fatty acid-free BSA, 10 lg/ml folliclestimulating hormone [Follitropin; Bioniche Animal Health, Belleville, ON, Canada], 10 lg/ml luteinizing hormone [Leutropin; Bioniche Animal Health], 1 lg/ml estradiol, and 50 lg/ml gentamycin), using 20 ll of maturation medium per COC. The COCs were incubated for 24 h at 38.58C under 5% CO 2 in humidified air.
Assessment of Cumulus Cell Expansion
The degree of cumulus expansion was assessed under a stereomicroscope after 24 h of maturation subjectively as not expanded, partially expanded (the outer layer of cells was loosened), or fully expanded (all cumulus cells were loosened).
Oocyte Staining and Determination of the Stage of Nuclear Maturation
To assess the stage of nuclear maturation at the end of the maturation time, oocytes were completely denuded of cumulus cells by vortexing in M-199 containing 300 U/ml hyaluronidase (H3506; from bovine testes) for 2 min. Denuded oocytes were then washed twice and positioned on a grease-free slide and overlaid with a coverslip supported by four droplets of a Vaseline:paraffin mixture (40:1). Oocytes were slightly compressed onto the slide and placed in acetic acid:methanol fixative (1:3 [v/v]) for at least 48 h. Oocytes were then stained with aceto-orcein (1% orcein in 45% acetic acid) and examined under phase-contrast microscopy (Leica, Milton Keynes, United Kingdom). The stage of nuclear maturation was determined according to the morphology of the nuclear material ( Fig. 1) , as described by Hewitt et al. [34] .
PGE 2 Radioimmunoassay
Spent maturation media were collected at 24 h of culture and kept at À208C awaiting assay. Concentration of PGE 2 was quantified using charcoal-dextrancoated radioimmunoassay methods, as described previously [14] . Briefly, standards (range, 0.08-10 ng/ml) or samples were mixed with anti-PGE 2 serum (a kind gift from Dr. N.L. Poyser, University of Edinburgh, Edinburgh, United Kingdom), and tritiated tracer ( [5, 6, 8, 11, 12, 14, 15 (n)-3H]-PGE 2 ; Amersham International, Amersham, United Kingdom) in duplicate. After overnight incubation at 48C, dextran-coated charcoal suspension containing 0.4% dextran (T-70; Amersham Pharmacia Biotech, Uppsala, Sweden) and 2% neutralized charcoal was added to all tubes except the total count. They were incubated at 48C for 10 min and centrifuged at 2000 3 g for 10 min. The supernatant was removed into 6-ml scintillation vials containing 4 ml of scintillant (Ultima Gold; Packard Bioscience BV, Pangbourne, United Kingdom) and counted for 2 min.
The concentration of PGE 2 was calculated using a semilogarithmic plot. The limit of detection was 2 pg per tube. The intraassay coefficient of variation was 3.5%, whereas the interassay coefficient was 6.3%.
Determination of Intracellular Concentration of cAMP
Intracellular cAMP content in COCs was determined by a competitive enzyme immunoassay system (Biotrak; GE Healthcare, Chalfont St. Giles, United Kingdom) with acetylation protocol for highest test sensitivity (2 fmol per well) according to the manufacturer's instructions. Briefly, at each time point, 10 COCs were removed from the culture and washed twice in H-M199 containing 0.5 mM isobutylmethylxanthine (a nonspecific phosphodiesterase inhibitor) and finally transferred in a minimum volume of the washing buffer (3-5 ll) to a 0.5-ml tube, snap frozen in liquid nitrogen, and stored at À208C until assayed. Lysed oocytes and the peroxidase-labeled cAMP standards (range, 2-128 fmol) were acetylated using a mixture of triethylamine and acetic anhydride (2:1 [v/v]) for 5 min before initiation of the competitive reaction against the anti-cAMP antiserum. At the end of the procedures, concentrations of cAMPi were calculated by measuring the optical density of samples in a plate reader at 450 nm within 30 min. Each sample was tested in duplicate in each experiment.
Western Blotting to Detect Total and Phosphorylated MAPK1, MAPK3, and AKT
The COCs were removed from the culture, snap frozen, and stored at À208C awaiting assay. For detection of MAPK1 and MAPK3, COCs were lysed by repeated freezing and thawing in 15 ll of ice-cold lysis buffer containing 63.5 mM Tris-HCl (pH 6.8), 10% (v/v) glycerol, 4% SDS, 20 mM Na 3 VO 4 , 10 mM NaF, and 1% (v/v) protease inhibitor cocktail (Calbiochem, Merck Chemicals Ltd., Nottingham, United Kingdom). Samples were then boiled for 5 min before and after adding b-mercaptoethanol (5% [v/v]) and bromophenol blue (0.02% [w/v]). The lysates were loaded into 12% polyacrylamide gels. The separated proteins were then transferred onto Immobilon-polyvinylidene difluoride membrane (Millipore Ltd., Watford, United Kingdom) using a Mini Trans-Blot electrophoretic transfer cell (Bio-Rad Laboratories, Hemel Hempstead, United Kingdom). Membrane blots were blocked in blocking buffer (10% [w/v]) nonfat dried milk in Tween Tris-buffered saline (TBS-T; 0.1% [v/ v] Tween-20, 500 mM Tris-HCl [pH 7.6], and 1500 mM NaCl) for 2 h at room temperature. Active MAPKs 1 and 3 were probed by incubating blocked membrane blots with anti-phospho-MAPK1 and 3 antibody (mouse; 1:1000; Santa Cruz Biotechnology, Heidelberg, Germany) in TBS-T overnight. The blots were then washed and incubated with horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG) antibody (1:10 000; New England Biolabs, Hitchin, United Kingdom) for 2 h at room temperature. Membranes were developed using the enhanced chemiluminescence detection system (GE Healthcare, Amersham, United Kingdom). The same membranes were used for detection of total MAPK after washing in stripping buffer (Thermo Fisher Scientific) for 15 min. Total MAPK was then detected by probing with anti-MAPK1 and anti-MAPK3 (rabbit; 1:1000; Cell Signalling Technology/New England Biolabs) and horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (1:10 000; New England Biolabs) following the same procedure. For detecting AKT, anti-phospho-AKT (rabbit; 1:500; Cell Signalling Technology) and then anti-total AKT (rabbit; 1:5000; Cell Signalling Technology) were used following the same procedure. Densitometric quantification of the immunoreactive bands was carried out using Quantity-one software (Bio-Rad Laboratories). The phosphorylation of MAPK1, MAPK3, and AKT was calculated as a percentage from the total MAPK1, MAPK3, and AKT proteins, respectively.
In Vitro Fertilization and Embryo Culture
For experiments designed to assess the effects of ALA in maturation medium on the developmental potential of oocytes, in vitro-matured oocytes (in the presence or absence of 50 lM ALA) were fertilized with frozen semen from a single bull as described previously by Fouladi-Nashta and Campbell [35] . Briefly, motile sperm were selected by swim-up for 45 min in calcium-free medium followed by centrifugation at 300 3 g at room temperature and resuspension of the pellet in fertilization medium (Tyrode's Albumin-LactatePyruvate [TALP] media supplemented with 0.6% [w/v] fatty acid-free BSA, 1 lg/ml heparin, 50 ng/ml epinephrine, and 50 ng/ml hypotaurine). The COCs were gently pipetted to remove adhering granulosa cells and to break up aggregated COCs. Groups of about 30 disaggregated COCs were then washed once in oocyte wash medium and transferred into 400 ll of fertilization medium containing 1 3 10 6 sperm/ml and were cultured for 18 h at 38.58C in a humidified incubator of 5% CO 2 in air. Presumptive zygotes were denuded from cumulus cells by gentle pipetting and cultured in 500 ll of synthetic oviductal fluid medium containing amino acids, sodium citrate, and myoinositol [36] supplemented with 0.4% (w/v) fatty acid-free BSA and cultured at 38.58C in a humidified incubator with 5% O 2 , 5% CO 2 , and 90% N 2 . The culture was continued up to Day 8, and medium was renewed every 2 days. Fetal calf serum 5% was only added to the embryo culture media starting from Day 3 in both groups. The number of cleaved embryos was recorded on Day 2 (fertilization was Day 0), and blastocysts were counted on Day 8 and stained for quality assessment.
Differential Staining of Blastocysts Associated with TUNEL
Day 8 blastocysts were differentially stained for counting cells in the inner cell mass (ICM) and trophectoderm (TE), as described previously [37] . Briefly, TE cells were permeabilized by incubating the embryos in a 0.2% solution of Triton X-100 in SOF-BSA for 20 sec. Immediately after, embryos were washed, and the TE cells were stained by incubation in 30 lg/ml propidium iodide for 10 min. Embryos were then washed and fixed in 4% paraformaldehyde containing 30 lg/ml bisbenzimide (Hoescht 33342). This allows fixation of embryos as well as staining for counting cells. Apoptotic cells were then stained by TUNEL using a fluorescein isothiocyanateconjugated in situ cell death detection kit, fluorescein (Roche, Penzberg, Germany), according to the manufacturer's instructions. Cells were permeabilized by incubation in 0.1% Triton for 5 min, and then embryos were 
Statistical Analysis
In all of the experiments, the data were from at least three independent repeats. Binominal data from cumulus expansion, oocyte nuclear maturation, cleavage, and blastocyst rates were converted to percentages. All data were then analyzed in SPSS (version 16) using one-way ANOVA with randomized block analysis (linear mixed model), taking the different batches of ovaries into consideration as a random effect. If the main treatment effect was significant, Bonferroni posthoc tests were performed. Differences of P 0.05 were considered significant.
RESULTS
Nuclear Maturation and Cumulus Expansion
The effect of ALA supplementation to the maturation media on oocyte nuclear maturation and cumulus expansion is shown in Figure 2 . A significant increase in the percentage of oocytes at the MII stage was observed in COCs supplemented with 50 lM ALA (95% 6 2.1% vs. 84% 6 2.1%; P ¼ 0.005), whereas higher doses significantly decreased the percentage of MII oocytes and resulted in a significant level of abnormal nuclear maturation (P , 0.05; Fig. 2A ). This was associated with a significant inhibition of cumulus expansion in oocytes treated with 200 lM ALA (Fig. 2B) . The DMSO alone (as used to dissolve ALA in the maturation media) did not show any significant effect on oocyte nuclear maturation or cumulus expansion (P ¼ 1.0).
PGE 2 Synthesis
After maturation of COCs for 24 h in the presence or absence of 50 lM ALA, PGE 2 concentration was measured in the spent media. The average value of PGE 2 production in the control group was 12.1 6 3.17 pg per 10 COCs. Linolenic acid (50 lM) resulted in a significant increase in the concentration of PGE 2 (233% 6 41.0%; P ¼ 0.009) as a percent of the control.
cAMPi Concentration in COCs
This experiment was designed to investigate the effect of ALA (50 lM) on cAMPi concentration in COCs during maturation. The cAMPi was measured in COCs just after aspiration (approximately 30 min before culture) and at 0, 3, 6, and 24 h of maturation (Fig. 3) . In the control group, the cAMPi level increased to reach the maximum level at 6 h (P , 0.05), then decreased. Supplementation of ALA to the maturation media resulted in a significantly (P ¼ 0.024) higher level of cAMPi at 3 h. The addition of forskolin increased cAMP in comparison with the control group, reaching a higher peak at 6 h. The further addition of ALA did not affect the forskolin-stimulated cAMPi level.
MAPK1 and MAPK3 Phosphorylation
Western blots of phosphorylated and total MAPK1 and MAPK3 (Fig. 4A ) in 0 lM (control) and 50 lM ALA-treated 
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COCs were analyzed by densitometric quantification of the immunoreactive bands from five independent experiments. The percentages of phosphorylated/total MAPK1 and MAPK3 are shown in Figure 4 , B and C, respectively. Linolenic acid resulted in a significantly higher percentage of phosphorylated MAPK1 and MAPK3 from 1 to 6 h of maturation (P , 0.02 to 0.06).
AKT Phosphorylation
Western blots of phosphorylated and total AKT (Fig. 5A ) in COCs treated with or without 50 lM ALA were analyzed by densitometric quantification of the immunoreactive bands from five independent experiments. The percentage of phosphorylated/total AKT is shown in Figure 5B . Treatment of COCs with ALA did not affect the percentage of phosphorylated AKT at any time point. In both groups, AKT phosphorylation was maximal at 6 h.
Nuclear Maturation and PGE 2 Synthesis in the Presence of NS-398 and/or U-0126
As shown in Figure 6 , treatment of COCs with U-0126 or NS-398 significantly inhibited (P , 0.01) oocyte nuclear maturation (38% 6 8% and 63% 6 1%, respectively) compared with the control (83% 6 2%) and ALA-treated (92% 6 2%) groups. Supplementation of ALA in the presence of NS-398 recovered oocyte nuclear maturation (87% 6 4%; P ¼ 1.0 compared with control); however, ALA resulted in only a 1068 partial recovery of maturation rate when added in the presence of U-0126 (59% 6 6%; P ¼ 0.01 compared with control). Treatment of COCs with both NS-398 and U-0126 resulted in significant inhibition of nuclear maturation (11% 6 1%) compared with the control and other treatment groups (P , 0.001). Addition of ALA in the presence of both inhibitors did not show any significant difference (12.1% 6 2%; P ¼ 1.0 compared with the NS398 plus U0126-treated group).
Cleavage and Embryo Development
The effect of ALA on cleavage and blastocyst rates and the quality of the embryos produced is shown in Table 1 . The percentage of oocytes that cleaved to !4-cell stage at 48 h after fertilization and the percentage of cleaved oocytes that developed to the blastocyst stage at Day 8 were recorded. Oocytes treated with ALA (50 lM) had a significantly higher cleavage rate (77% 6 9% vs. 69% 6 9%; P ¼ 0.027) and blastocyst rate (36% 6 4% vs. 23% 6 5%; P ¼ 0.008) than oocytes from the control group. Hatching of the blastocyst at Day 8 was also significantly higher in the ALA-treated group (32% 6 5% vs. 11% 6 7%; P ¼ 0.026).
Oocytes recovered from the ALA-treated group produced blastocysts with a higher numbers of total cells (P ¼ 0.004), ICM (P ¼ 0.018), and TE cells (P ¼ 0.042) than the control group. They also had a larger number of apoptotic cells (P , 0.001). No difference was observed in the ICM:TE ratio.
DISCUSSION
The main objective of this study was to determine the direct effect of n-3 PUFA supplementation with ALA to the oocyte maturation media on the developmental potential of bovine oocytes in vitro. Linolenic acid at 50 lM improved oocyte nuclear maturation rate, whereas higher concentrations were detrimental. This beneficial effect was associated with higher PGE 2 synthesis, cAMPi concentrations, and MAPK1 and MAPK3 phosphorylation in the COCs, and it was also reflected in subsequent improved embryo development and quality. In cattle, the concentration of ALA was reported to be 0.005-0.04 mg/ml (53.9-143.66 lM) in plasma and 0.01-0.02 mg/ml (35.9-71.8 lM) in follicular fluid [10, 38] . In this study, the concentration of ALA used was in the range from 0 to 200 lM, and so reflected the normal physiological situation.
Supplementation of the serum-free maturation media with 50 lM ALA did not affect cumulus expansion but resulted in improvement of oocyte nuclear maturation. A higher ALA concentration decreased the maturation rate and resulted in a significant percentage of abnormal nuclear maturation. All aspects of oocyte maturation (nuclear, cytoplasmic, and molecular) have a major role in determining its developmental competence and the quality of the embryo produced [39] . To explain the effect of ALA on the molecular changes occurring during oocyte maturation, we have investigated the changes in PGE 2 synthesis, cAMPi concentration, and MAPK1, MAPK3, and AKT phosphorylation.
Prostaglandin assay in culture medium collected after ALA (50 lM) supplementation showed a significant increase in PGE 2 synthesis after 24 h of maturation. In a previous study using endometrial cells of late-gestation ewes, the PGE 2 :PGF 2a ratio increased two to three times when cells were supplemented with linoleic, gamma linolenic, or arachidonic acid [40] . This effect reported here of the n-3 PUFA ALA in increasing production of the PGE 2 , which is derived from n-6 precursors, is perhaps surprising. Possibly, the overall increase in total PUFA concentration may increase the availability of n-6 PUFAs for PG synthesis. These results showing an increase in the PGE 2 synthesis, however, are in accordance with recent studies in cattle endometrium, where a high-fish oil diet was shown to increase expression of PGE synthase [16] . Prostaglandin E is considered a critical mediator of oocyte maturation and cumulus expansion. It acts through an autocrine/paracrine regulatory pathway mediated by its G-protein-coupled receptors (PTGERs) on cumulus cells [41] , which stimulates intracellular increase in cAMP as a second messenger [42] . Inhibition of PGE production using PTGS2 inhibitors was found to attenuate cumulus expansion and GVBD of mouse oocytes [17] [18] [19] 43] . In cattle, the mRNAs of PTGS2 and PGE 2 receptors (PTGER2 and PTGER3) were expressed in COCs, and PGE 2 was found to induce moderate cumulus cell expansion [41, 44, 45] , which suggests that PGs may have an important role in oocyte maturation. In the studies presented here, inhibition of PTGS2 by NS-398 resulted in a significant reduction in oocyte nuclear maturation. In a previous study, where higher levels of PTGS2 (mRNA and protein) expression and PGE 2 synthesis were achieved in vitro by addition of 10 ng/ml epidermal growth factor to the maturation media, greater rates of cumulus expansion and MII oocytes were reported after 24 h of culture [44] . This confirms the beneficial effects of PGE 2 on oocyte maturation. Because ALA supplementation resulted in higher PGE 2 synthesis and higher cAMPi, PGE 2 may have a role in mediating the effect of ALA on oocyte maturation.
In the current study, the cAMP assay revealed that the maximum level of cAMPi in the control COCs was observed at 6 h of maturation. This was followed by a decrease in cAMPi by 24 h. A similar pattern of cAMP in bovine COCs was reported previously [46] . Stimulation of oocyte maturation by LINOLENIC ACID INFLUENCES OOCYTE DEVELOPMENT gonadotropins is, like PGE 2 , mediated mainly through the activation of G-protein-coupled receptors in granulosa cells, which requires cAMP as a second messenger, but oocytes lack gonadotropin receptors [47, 48] . Therefore, the stimuli must be transferred from the cumulus cells to the oocytes. In the cumulus cells, a high cAMP threshold achieved by luteinizing hormone stimulation and selective inhibition of phosphodiesterase enzyme type 4 is needed for resumption of meiosis. This is accompanied by selective activation of PKA type II by cAMP in cumulus cells [48] . In the present study, ALA-treated COCs had higher levels of cAMPi earlier (at 3 h of maturation) compared with controls, indicating a superior stimulatory effect of ALA on cAMP that resulted in acceleration of the events associated with the oocyte maturation. The concentration of cAMPi in cumulus cells at 3 h is an important regulator of cumulus expansion and oocyte maturation [46] . It was shown previously that good-quality maturation requires the highest level of cAMPi, whereas below-threshold cAMPi in bovine COCs was found to cause defective oocyte maturation, with premature interruption of communication through gap junctions and lack of cumulus expansion, leading to poor development [49] . These findings suggest that the earlier increase of cAMPi and its maintenance at a high level between 3 and 6 h in ALA-treated COCs may have a major role in mediating the effect of ALA on oocyte maturation and cumulus expansion. The mechanism by which ALA increases cAMPi production needs further investigation. Elevated cAMP (as after gonadotropin or PGE 2 stimulation) in cumulus cells (but not in the oocytes) is also known to stimulate MAPK activation [50] [51] [52] . The kinetics of MAPK activities in bovine COCs have been investigated in many studies [53, 54] . In bovine oocytes, MAPK was found to be activated around the time of GVBD (6 h), associated with activation of MPF. The MAPK activity then increased to reach its maximum at 24 h of maturation and was sustained at high levels to maintain the oocyte in MII arrest [28] . In the present study, MAPK1 and MAPK3 (the main two types of MAPKs in COCs) followed the same pattern.
Activation of MAPK in cumulus cells is crucial for gonadotropin-induced meiotic resumption and cumulus expansion [55] [56] [57] . In the studies reported here and a few previous studies [58, 59] , inhibition of MAPK by U-0126 resulted in an inhibitory effect on oocyte nuclear maturation. In addition, previous studies have shown that increasing MAPK activity can result in a higher oocyte nuclear maturation rate, as evidenced by injection of mos-RNA, the downstream activator of MAPK, in bovine oocytes, which elicited a rapid and maximal activation of MAPK and resulted in accelerated resumption of meiosis and GVBD [53] . In this context, the higher level of MAPK1 and MAPK3 phosphorylation in ALAtreated oocytes, induced directly or indirectly (through higher cAMPi), may have a role in mediating the ALA effect on oocyte maturation.
Although inhibition of PTGS2 by NS-398 inhibited maturation, further addition of ALA resulted in a complete recovery. This compensation is possibly through stimulation of PGE 2 synthesis (through PTGS) or by stimulation of the MAPK pathway. In the presence of MAPK kinase inhibitor (U-0126), ALA supplementation could not fully recover nuclear maturation rate and only resulted in a partial increase, perhaps acting through the PGE 2 pathway. Because ALA did not have any stimulatory effect in the presence of both inhibitors, we can conclude that both PGE 2 and MAPK pathways are important for ALA in stimulating oocyte maturation, and that ALA depends directly on the MAPK pathway (either by direct stimulation or through increasing cAMPi levels) and indirectly by stimulating PGE 2 synthesis.
Analysis of AKT phosphorylation showed that AKT is abundant in the COCs at all stages of oocyte maturation. The phosphorylation status of AKT increases at 6 h (around GVBD). There was no significant difference in AKT phosphorylation in the ALA-treated group, suggesting that AKT is not involved in regulating the effect of ALA on oocytes.
Good-quality maturation is an essential prerequisite for embryo development. Accumulation of proteins and RNA during oocyte maturation is essential for proper execution of the embryonic genome activation [60] . In the present study, ALA (50 lM) improved cleavage and blastocyst rates when added to the oocytes during maturation. Linolenic acid also resulted in better-quality blastocysts in terms of higher cell numbers and less apoptosis. Because ALA was not supplemented to the embryo culture, the effect of ALA was carried over by the oocyte from maturation. Few studies have investigated the effect of fat supplementation on embryo quality. Feeding high n-3 (in the form of docosahexaenoic acid and eicosapentaenoic acid) altered mitochondrial distribution in mouse oocytes. This was associated with an altered morphological appearance of the embryo and a reduced blastocyst rate, which might be attributed to the increase in reactive oxygen species observed in this study [61] . On the other hand, oocytes collected from dairy cows fed a high level of rumen-inert fatty acid mixture (Megalac; Volac International, Royston, United Kingdom) had higher blastocyst rates and better embryo quality [6] . Feeding a rumen-protected, n-3 PUFA-enriched diet to beef heifers significantly reduced the number of degenerated embryos produced. An increase in the number of morulas and the proportion of the transferrable embryos was also noticed, although this was not statistically significant [62] . Repeating such an experiment with a higher number of cows may enable detection of significant differences in the number and quality of embryos resulting from n-3 supplementation.
In conclusion, an appropriate level of ALA in oocyte maturation medium can induce molecular changes associated with oocyte maturation, leading to increased oocyte developmental potential and improved blastocyst quality. This finding could be used to improve the conception rates of in vitroderived embryo production systems. It may also be of wider relevance to cattle fertility, where many housed animals receive rations with a lower n-3 content than would be obtained from a more natural diet based on grass.
